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(57) ABSTRACT 

Characterizing the behavior of a chaotic, multi-dimensional 
system is achieved by measuring each of a number of signals 
associated With the system, and generating therefrom, a 
spatio-temporal response based on each signal. Multiple 
dynamical pro?les are then generated for each spatio-tem 
poral response, Where each of the multiple dynamical pro 
?les correspond to a different one of multiple dynamical 
parameters. Over a period of time, a determination is made 
as to Whether a certain level of dynamic entrainment and/or 
disentrainment exists betWeen the dynamical pro?les asso 
ciated With a selected one or a selected combination of 

dynamical parameters. Seizure Warnings and/or predictions 
are provided based on this determination. 
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MULTI-DIMENSIONAL MULTI-PARAMETER 
TIME SERIES PROCESSING FOR SEIZURE 

WARNING AND PREDICTION 

RELATED PATENTS 

[0001] This patent application relates to commonly 
assigned US. Pat. No. 6,304,775, Which issued on Oct. 16, 
2001. It also relates to co-pending US. patent application 
Ser. No. 10/648,354. Both US. Pat. No. 6,304,775 and 
co-pending US. patent application Ser. No. 10/648,354 are 
incorporated herein by reference in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH AND 

DEVELOPMENT 

[0002] The research and development effort associated 
With the subject matter of this patent application Was sup 
ported by the Department of Veterans Affairs and by the 
National Institute of Biomedical Imaging and Bioengineer 
ing of the National Institutes of Health (NIBIB/NIH) under 
grant no. 8R01EB002089-03. 

FIELD OF INVENTION 

[0003] The present invention involves the ?eld of signal 
processing. More particularly, the present invention involves 
the multi-parameter processing of time series signals asso 
ciated With multi-dimensional systems, such as the electrical 
and/or electromagnetic signals generated by the brain. 

BACKGROUND 

[0004] A multi-dimensional system exhibits behavior 
autonomously or as a function of multiple variables in 
response to a system input. A chaotic system is one that 
exhibits chaotic behavior (i.e., behavior characteriZed by 
random responses to an inexperienced observer) during 
normal operation. The brain is an example of a multi 
dimensional system that also exhibits chaotic behavior dur 
ing normal operation. HoWever, in a relatively signi?cant 
percentage of the human population, the brain experiences 
deterministic, abnormal episodes characteriZed by less cha 
otic behavior. This abnormal behavior may be caused by a 
Wide variety of conditions. Epilepsy is one of these condi 
tions. 

[0005] Epilepsy is a chronic disorder characteriZed by 
recurrent brain dysfunction caused by paroxysmal electrical 
discharges in the cerebral cortex. At any given time, Epi 
lepsy affects approximately 50 million people WorldWide. If 
untreated, an individual afflicted With epilepsy is likely to 
experience repeated seiZures, Which typically involve some 
level of impaired consciousness. Some forms of epilepsy 
can be successfully treated through medical therapy. HoW 
ever, medical therapy is less effective With other forms of 
epilepsy, including Temporal Lobe Epilepsy (TLE) and 
Frontal Lobe Epilepsy With TLE and FLE, removing 
the portion of the hippocampus and/or cerebral cortex 
responsible for initiating the paroxysmal electrical dis 
charges, knoWn as the epileptogenic focus, is sometimes 
performed in an effort to control the seiZures. 

[0006] For quite some time, the medical community has 
attempted to develop techniques that provide seiZure pre 
diction and/or seiZure Warning, Where it Will be understood 
that seiZure prediction is a long-range forecast of seiZure 
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onset time, Whereas seiZure Warning is a long-range indica 
tion that conditions conducive to an impending seiZure 
presently exist. Any such technique Would certainly have 
numerous clinical and non-clinical application. For 
example, in order to more effectively treat certain Epilepsy 
patients, such a technique might be used in conjunction With 
a device, perhaps an implanted device, that delivers a dosage 
of anti-seiZure medication into the patient’s bloodstream for 
the purpose of averting an impending seiZure. 

[0007] In another example, such a technique might be 
used during a pre-surgical evaluation to assist in pinpointing 
the epileptogenic focus. It is understood that during a 
seiZure, blood How to the epileptogenic focus signi?cantly 
increases. If certain radio-labeled ligands are injected into 
the patient’s bloodstream in a timely manner, it is possible 
to monitor that increase using radiography, thereby alloWing 
a surgeon to accurately pinpoint the boundaries of the 
epileptogenic focus, Which the surgeon Will remove during 
the surgery. A true seiZure prediction and/or Warning tech 
nique Would provide an indication of an impending seiZure 
Well in advance, therefore providing suf?cient time to pre 
pare for and administer, for example, the aforementioned 
radiography ligand. 

[0008] One of the most important tools for evaluating the 
physiological state of the brain is the electroencephalogram 
(EEG). The standard for analyZing and interpreting an EEG 
is visual inspection of the graphic tracing of the EEG by a 
trained clinical electroencephalographer. HoWever, there is 
no established method for predicting seiZure onset or for 
providing a seiZure Warning Well before seiZure onset by 
visually analyZing an EEG. Moreover, the use of traditional 
signal processing techniques on EEG signals has likeWise 
yielded little practical information. These traditional tech 
niques are limited in their effectiveness because the brain is 
a multi-dimensional system that produces nonlinear signals 
in space and time. Thus, traditional signal processing tech 
niques employing standard, linear, time series analysis 
methods cannot detect the spatio-temporal properties that 
are critical in providing effective seiZure Warning and pre 
diction. 

[0009] US. Pat. No. 6,304,775, hoWever, describes sys 
tems and methods capable of effectively generating true 
seiZure Warnings and predictions Well in advance of impend 
ing seiZures. The systems and methods described in this 
patent take advantage of the spatio-temporal characteristics 
exhibited by certain sites Within the brain, When compared 
With the spatio-temporal characteristics exhibited by other 
sites Within the brain, as these characteristics are noticeably 
different prior to an impending seiZure as compared to the 
spatio-temporal characteristics exhibited by these same sites 
during seiZure free intervals. In fact, these spatio-temporal 
characteristics may be noticeable hours, and in some cases, 
days before the occurrence of a seiZure. As such, the systems 
and methods described in US. Pat. No. 6,304,775 use these 
differences as a seiZure transition indicator. 

[0010] More particularly, US. Pat. No. 6,304,775 
describes, among other things, a technique that provides 
timely impending seiZure Warning (ISW), seiZure suscepti 
bility period detection (SSPD) and time to impending sei 
Zure prediction (TISP). The technique involves acquiring 
electrical or electromagnetic signals generated by the brain, 
Where each signal corresponds to a single EEG electrode or 
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channel. Each signal is pre-processed (e.g., ampli?ed, ?l 
tered, digitized) and sampled. This results in a sequence of 
digital samples for each signal over a period of time, referred 
to therein as an epoch. The samples are then used to generate 
a phase-space portrait for each signal epoch. 

[0011] For each phase-space portrait, a parameter re?ect 
ing rate of divergence is computed based on adjacent tra 
jectories in the phase space, Where rate of divergence, in 
turn, is one parameter that re?ects the chaoticity level of the 
corresponding signal. In US. Pat. No. 6,304,775 , the param 
eter used is the short-term, largest Lyapunov exponent 
(STLMAQ. 
[0012] In general, the STLMAX values associated With 
each EEG signal (i.e., each EEG channel) are compared to 
the STLMAX values associated With each of the other chan 
nels. The comparisons are preferably achieved by applying 
a T-statistic, Which results in a sequence of statistical values, 
or T-index values, for each channel pair, Where a sequence 
of T-index values represents a level of correlation or entrain 
ment betWeen the spatio-temporal response associated With 
the tWo channels that make up each channel pair. 

[0013] The technique, When ?rst employed, goes through 
an initialiZation period. During this initialiZation period, a 
number of “critical” channel pairs is identi?ed, Where US. 
Pat. No. 6,304,775 generally de?nes a critical channel pair 
as a pair of channels that exhibits a relatively high level of 
entrainment (i.e., relatively loW T-index values for a pre 
de?ned period of time) prior to seiZure onset. 

[0014] During the initialiZation period, a patient may 
experience one or more seiZures. After each, the list of 
critical channel pairs is updated. Eventually, the list of 
critical channel pairs is considered sufficiently re?ned, and 
the initialiZation period is terminated. Thereafter, the ISW, 
SSPD and TISP functions may be activated and the T-index 
values associated With the critical channel pairs are moni 
tored and employed in generating timely ISWs, SSPDs 
and/or TISPs. 

[0015] Co-pending US. patent application Ser. No. 
10/648,354 describes both methods and systems that opti 
miZe the critical channel selection process. OptimiZation is 
achieved in several Ways. First, the selection is achieved 
more efficiently as it is based on a limited amount of 
statistical data (e.g., T-index data) Within a pre-de?ned time 
WindoW preceding, and in some instances, folloWing sei 
Zure-related events. Critical channel selection is further 
optimiZed by selecting and reselecting critical channels for 
each of a number of predictors, Where a predictor is a given 
number of critical channel groups “x”, a given number of 
channels per group “y”, and a given total number of chan 
nels “N.” 

SUMMARY OF THE INVENTION 

[0016] The present invention focuses on generating sig 
nals that more effectively re?ect the non-linear dynamical 
characteristics of a multi-dimensional system, such as the 
brain. In US. Pat. No. 6,304,775, chaoticity pro?les based, 
for example, on STLMAX are generated from corresponding 
time-series signals, Where each pro?le re?ects the chaoticity 
or rate of divergence of a corresponding channel. HoWever, 
other parameters may also provide a good basis for mea 
suring the dynamical characteristics of a system such as the 
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brain. Thus, in accordance With preferred embodiments of 
the present invention, multiple dynamical parameters are 
considered. In general, for each of a number of channels, 
multiple dynamical pro?les are generated, Where each is 
based on a different one of multiple corresponding dynami 
cal parameters. Several statistical measures are then gener 
ated for each of at least one channel group over the course 
of an initialiZation period, Where each statistical measure 
re?ects a level of correlation among the channels that make 
up the channel group, and Where each statistical measure is 
derived as a function of corresponding dynamical pro?les 
associated With at least one or more dynamical parameters. 
The statistical measures are, at the end of the initialiZation 
period, used to select one or a combination of dynamical 
parameters, Where the resulting statistical measure associ 
ated With the selected one or combination of dynamical 
parameters provides the most effective indication of impend 
ing seiZures as compared to the statistical measures associ 
ated With other dynamical parameters or other combinations 
thereof. Subsequent to the initialiZation period, the statistical 
measure associated With the selected one or combination of 
dynamical parameters is continuously derived and employed 
for purpose of issuing an ISW, SSPD and/or TISP. 

[0017] Accordingly, it is an objective of the present inven 
tion to provide an ISW, SSPD and/or TISP Well in advance 
of seiZure onset, based on multiple dynamical parameters. 

[0018] It is another objective of the present invention to 
provide an ISW, SSPD and/or TISP Well in advance of 
seiZure onset, based on a selected one or a selected combi 

nation of dynamical parameters. 

[0019] It is still another objective of the present invention 
to utiliZe the ISW, SSPD and TISP features of the present 
invention in conjunction With various in-patient applica 
tions, including pre-surgical evaluation and diagnosis pro 
cedures. 

[0020] In accordance With a ?rst aspect of the present 
invention, the above-identi?ed and other objects are 
achieved through a method of analyZing a multi-dimensional 
system. The method involves generating a multi-dimen 
sional signal for each of a plurality of channels associated 
With the multi-dimensional system, and generating multiple 
dynamical pro?les for each channel based on the corre 
sponding multi-dimensional signal, Where each pro?le 
re?ects the dynamical characteristics of the corresponding 
channel in accordance With one of multiple dynamical 
parameters. For a group of channels, a number of statistical 
measures are then generated, Where each of the statistical 
measures re?ects a correlation level betWeen corresponding 
dynamical pro?les, and Where each of the corresponding 
dynamical pro?les is associated With one of the multiple 
dynamical parameters. The method next involves selecting 
at least one dynamical parameter from amongst the multiple 
dynamical parameters. Thereafter, a statistical measure for 
the channel group is generated, Where the statistical measure 
re?ects a correlation level betWeen corresponding dynami 
cal pro?les associated With the selected at least one dynami 
cal parameter. The behavior of the multi-dimensional system 
is then characteriZed as a function of the statistical measure, 
generated for the channel group, that re?ects the correlation 
level betWeen corresponding dynamical pro?les associated 
With the selected at least one dynamical parameter. 
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[0021] In accordance With a second aspect of the present 
invention, the above-identi?ed and other objects are 
achieved through a method and a system of analyzing the 
brain. This method and system involve acquiring a plurality 
of signals, Where each signal represents a corresponding 
channel associated With a different spatial location of the 
brain. Astate-space representation is then generated for each 
channel as a function of a corresponding one of the acquired 
signals. This method and system also involve generating a 
plurality of dynamical pro?les from each state-space repre 
sentation, Where each of the plurality of dynamical pro?les 
generated from a given state-space representation re?ects 
the dynamical characteristics of the state-space representa 
tion in accordance With a corresponding one of multiple 
dynamical parameters. For each of one or more channel 
groups, a plurality of statistical pro?les are generated, Where 
each of the plurality of statistical pro?les associated With a 
given channel group re?ects a correlation level amongst 
corresponding dynamical pro?les associated With at least 
one of the multiple dynamical parameters. At least one 
dynamical parameter is then selected from amongst the 
multiple dynamical parameters, and thereafter, a statistical 
pro?le is generated for each of one or more channel groups, 
Where the statistical pro?le re?ects a correlation level for the 
dynamical pro?les associated With the selected at least one 
dynamical parameter. The state dynamics of the brain is then 
characteriZed as a function of the statistical pro?le, gener 
ated for each of the one or more channel groups, Which 
re?ects the correlation level of the dynamical pro?les asso 
ciated With the selected at least one dynamical parameter. 

BRIEF DESCRIPTION OF THE FIGURES 

[0022] The objects and advantages of the present inven 
tion Will be understood by reading the folloWing detailed 
description in conjunction With the draWings in Which: 

[0023] FIGS. 1(a)-(e) illustrates an exemplary, single 
channel EEG signal as a patient transitions through the 
various stages of an epileptic seiZure; 

[0024] FIG. 2 illustrates a typical, continuous multi-chan 
nel EEG segment prior to and during seiZure onset; 

[0025] FIG. 3 is a ?oWchart depicting techniques for 
providing early ISW, SSPD and TISP in accordance With 
exemplary embodiments of the present invention; 

[0026] FIGS. 4A and 4B illustrate the placement and use 
of different electrodes and electrode con?gurations; 

[0027] FIGS. 5A and 5B illustrate an EEG signal asso 
ciated With a representative electrode channel over an epoch 
and the corresponding phase space portraits containing the 
attractor reconstructed from the EEG signal using the 
Method of Delays; 

[0028] FIG. 6 depicts the process of generating chaoticity 
pro?les associated With each of multiple chaoticity param 
eters, for one or more channels, and therefrom, generating 
statistical pro?les for one or more channel pairs; 

[0029] FIG. 7 illustrates the LM AX pro?les associated With 
each of a representative number of channel pairs; 

[0030] FIG. 8 illustrates a procedure for comparing LM AX 
pro?les (e.g., estimations of T-index pro?les) for the repre 
sentative number of channel pairs shoWn in FIG. 7; 
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[0031] FIG. 9 illustrates the TISP feature in accordance 
With exemplary embodiments of the present invention; and 

[0032] FIG. 10 illustrates an on-line system that incorpo 
rates the ISW, SSPD and TISP features of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] SeiZures, including epileptic seiZures, are multiple 
stage events. The various stages include a preictal stage, an 
ictal stage, a postictal stage and an interictal stage. FIGS. 
1(a-e) illustrate an exemplary electroencephalogram (EEG) 
signal, recorded from an electrode overlying an epileptoge 
nic focus, as a patient transitions through the various stages 
of an epileptic seiZure. More speci?cally, FIG. 1(a) illus 
trates a time sequence of the EEG signal during the preictal 
stage, Which represents the period of time preceding seiZure 
onset. FIG. 1(b) illustrates a time sequence of the EEG 
signal during the transition period betWeen the preictal stage 
and the ictal stage, Which include seiZure onset. It folloWs 
that FIG. 1(c) then re?ects the EEG signal during the ictal 
stage, that is Within the epileptic seiZure, Where the ictal 
stage begins at seiZure onset and lasts until the seiZure ends. 
FIG. 1(a), like FIG. 1(b), covers a transitional period. In 
this case, FIG. 1(a) illustrates a time sequence of the EEG 
signal during the transition from the ictal stage to the 
postictal stage, and includes the seiZure’s end. FIG. 1(e) 
then illustrates the EEG signal during the postictal stage, 
Where the postictal stage covers the time period immediately 
folloWing the end of the seiZure. 

[0034] As stated, the preictal stage represents a period of 
time preceding seiZure onset. More importantly, the preictal 
stage represents a time period during Which the brain 
undergoes a dynamic transition from a state of spatio 
temporal chaos to a state of spatial order and reduced 
temporal chaos. Although it Will be explained in greater 
detail beloW, this dynamic transition during the preictal stage 
is characteriZed by the dynamic entrainment of the spatio 
temporal responses associated With various cortical sites. As 
set forth in US. Pat. No. 6,304,775 and co-pending US. 
patent application Ser. No. 10/648,354, the dynamic entrain 
ment of the spatio-temporal responses can be further char 
acteriZed by: 

[0035] (1) the progressive convergence (i.e., entrain 
ment) of the maximum Lyapunov exponent values 
(i.e., LM A29 corresponding to each of the various, 
aforementioned cortical sites, Where LM AX provides 
a measure of chaoticity associated With the spatio 
temporal response of a corresponding cortical site; 
and 

[0036] (2) the progressive phase locking (i.e., phase 
entrainment) of the LMAX pro?les associated With 
the various cortical sites. 

[0037] The dynamic entrainment of the spatio-temporal 
responses may also be characteriZed by the convergence 
and/or phase-locking of pro?les generated based on dynami 
cal parameters other then LMAX. Thus, in a preferred 
embodiment of the present invention, other parameters (i.e., 
other dynamical parameters) are taken into consideration, 
and they include the rate of change in angular frequency 
QMAX, approximate entropy ApEn, Pattern-match ApEn, 
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Pesin’s Identity h, and the Lyapunov Dimension dL. Each of 
these chaoticity parameters Will be described in greater 
detail below. 

[0038] As one skilled in the art Will readily appreciate, an 
EEG signal, such as any of the EEG signals depicted in 
FIGs. 1(a-e), is a time series signal that represents a tem 
poral response associated With the spatio-temporal interac 
tions of a particular portion of the brain Where the corre 
sponding electrode happens to be located. Since, the brain is 
a complex, multi-dimensional system, EEG signals and 
other knoWn equivalents do not and cannot visibly re?ect the 
true spatio-temporal characteristics exhibited by the brain. 
Thus, traditional linear and nonlinear methods of processing 
EEG signals for the purpose of providing seiZure prediction 
and/or Warning have proven to be generally ineffective as the 
critical spatio-temporal characteristics exhibited by the brain 
during the preictal stage cannot be detected from EEG 
signals alone. Yet, these critical spatio-temporal character 
istics exist long before seiZure onset, in some cases, days 
before seiZure onset. As such, these spatio-temporal char 
acteristics exhibited by the brain during the preictal stage are 
essential to any true seiZure prediction scheme. 

[0039] To better illustrate the de?ciency of EEG signals, 
FIG. 2 shoWs a 20 second EEG segment covering the onset 
of a left temporal lobe seiZure. The EEG segment of FIG. 2 
Was recorded from 12 bilaterally placed hippocampal depth 
electrodes (i.e., electrodes LTD1-LTD6 and RTD1-RTD6), 8 
subdural temporal electrodes (i.e., electrodes RST1-RST4 
and LST1-LST4), and 8 subdural orbitofrontal electrodes 
(i.e., electrodes ROF1-ROF4 and LOF1-LOF4). SeiZure 
onset begins approximately 1.5 seconds into the EEG seg 
ment as a series of high amplitude, sharp and sloW Wave 
complexes in the left depth electrodes, particularly in LTD1 
LTD3, though most prominently in LTD2. Within a matter of 
seconds, the seiZure spreads to right subdural temporal 
electrode RST1, and then to the right depth electrodes 
RTD1-RTD3. Of particular importance is the fact that the 
EEG signals appear normal prior to seiZure onset approxi 
mately 1.5 seconds into the EEG segment. 

[0040] The present invention provides an early ISW based 
on the aforementioned spatio-temporal changes that occur 
during the preictal stage. The present invention provides this 
capability even though EEG signals do not manifest any 
indication of an impending seiZure during the preictal stage, 
as illustrated in FIG. 2. In addition to providing an ISW, the 
present invention is also capable of providing a seiZure 
susceptibility period detection (SSPD), that is, the presence 
of abnormal brain activity long before the occurrence of a 
seiZure, for example, during an interictal period days before 
a seiZure. Furthermore, the present invention is capable of 
providing a time to impending seiZure prediction (TISP), 
Wherein the TISP re?ects an amount of time that is expected 
to elapse before seiZure onset. 

[0041] FIG. 3 is a ?oWchart depicting an exemplary 
embodiment of the present invention. In general, the method 
illustrated by the ?oWchart of FIG. 3 involves selecting one 
dynamical parameter or a combination of dynamical param 
eters from amongst multiple dynamical parameters at the 
end of an initialiZation period. Thereafter, an ISW, SSPD 
and/or TISP are issued based on a statistical measure asso 

ciated With at least one channel group. 
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[0042] It should be noted that in accordance With a pre 
ferred embodiment of the present invention, the methods 
illustrated in FIGS. 3A and 3B are employed in conjunction 
With a computer-based system, Where the methods are 
implemented in softWare, ?rmWare or a combination of 
both. For ease of discussion, the methods are generally 
referred to herein as the “algorithm.” 

[0043] Turning noW to the individual steps associated With 
the method of FIG. 3, step 301 represents a setup procedure. 
During the setup procedure, the operator of the computer 
based system, such as a physician or clinician, selects or 
de?nes various parameters, parameter values and threshold 
levels used by the algorithm during execution. For example, 
it is at this point that the operator may be given the option 
of selecting, from a list of possible choices, the multiple 
dynamical parameters that are to be used by the algorithm to 
ultimately determine the behavior of the system under test 
(e.g., the brain). Similarly, the operator may be given the 
option of selecting the statistical test that the algorithm Will 
use to determine the correlation level of the channels that 
make up one or more channel groups. In a preferred embodi 
ment, the statistical test that is used is the nonparametric 
randomiZed block ANOVA (Analysis of Variance) test, or 
XZ-statistic, Where the values produced as a result of apply 
ing an XZ-statistic are referred to herein as Xz-index values. 

[0044] Still further, the operator may, during setup step 
301, de?ne the value of various thresholds. One such 
threshold is referred to herein as the disentrainment thresh 

old XZD, Where XZD represents a Xz-index value threshold, 
and Where a corresponding channel group is considered 
signi?cantly and statistically disentrained When the XZ-in 
dex pro?le associated thereWith exceeds this threshold. 
Another threshold is referred to herein as the entrainment 
threshold XZE, Where XZE represents a Xz-index value 
threshold, beloW Which a corresponding channel group is 
considered suf?ciently and statistically entrained. 

[0045] In accordance With step 303, the algorithm begins 
acquiring electrical or electromagnetic signals generated by 
the brain. In a preferred embodiment, each signal corre 
sponds With a single EEG channel. Each signal is pre 
processed, per step 305, Where pre-processing typically 
includes signal ampli?cation, ?ltering and digitiZation. Each 
digitiZed signal is then sampled, as shoWn in step 307, and 
based on each sampled signal, a corresponding sequence of 
phase-space portraits are generated from each signal, as 
shoWn by step 309, Where each phase-space portrait is based 
on samples falling Within in a corresponding time WindoW 
called an epoch. 

[0046] In step 311, the algorithm ?rst generates a number 
of dynamical data sequences or dynamical pro?les for each 
channel. The dynamical pro?les associated With a given 
channel are generated as a function of a phase-space portrait 
associated With that channel, Where each of the dynamical 
pro?les re?ects the non-linear dynamical characteristics of 
the spatio-temporal response for that channel in accordance 
With a corresponding one of the multiple dynamical param 
eters. In FIG. 3, six exemplary dynamical parameters are 
shoWn: STLMAX, QMAX, ApEn, PM-ApEn, hi and dL. HoW 
ever, it Will be understood that parameters other than or in 
addition to those shoWn in FIG. 3 may be employed. 
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[0047] In a preferred embodiment of the present invention, 
each of the dynamical pro?les generated during step 311, for 
a given channel, may actually re?ect an average dynamical 
measurement, Where the average dynamical measurement 
may be derived, for example, by averaging a sequence of 
dynamical data values falling Within overlapping or non 
overlapping “sliding” time WindoWs. Further in accordance 
With a preferred embodiment of the present invention, the 
dynamical pro?les associated With each dynamical param 
eter, for each channel, are generated by the algorithm using 
parallel processing techniques that are Well knoWn to those 
of skill in art. 

[0048] Further in accordance With step 311, the algorithm 
generates several statistical measures for each of at least one 
channel group. As stated previously, the algorithm may do 
so by applying a nonparameteric randomiZed block AN OVA 
test. For a given channel group, the statistical measures are 
a function of the dynamical pro?les, associated With each of 
the channels that make up the channel group, corresponding 
to one or a combination of the multiple dynamical param 
eters. 

[0049] It Will be understood that the nonparameteric ran 
domiZed block AN OVA test is exemplary, Where the statis 
tical pro?les generated as a result of applying this test 
comprise a sequence of Xz-index values, and Where each 
sequence of Xz-index values are referred to herein as an 
Xz-index pro?le. Accordingly, the algorithm may be set up 
so that it applies other statistical tests for testing the differ 
ence among channels With multiple parameter inputs. 

[0050] In step 313, a limited sample of values (e.g., a 
sample falling Within one or more prede?ned time WindoWs) 
from each Xz-index pro?le associated With the at least one 
channel group is obtained folloWing each of several seiZure 
related events. A seiZure-related event may be an actual 
seiZure or What is called an entrainment transition (i.e., an 
event characteriZed by a relatively high level of correlation 
amongst one or more channel pairs as indicated by relatively 
loW Xz-index values). The time WindoW may, for example, 
be a 10 or 20-minute time WindoW preceding or mostly 
preceding the seiZure-related event. 

[0051] A seiZure may be detected using any of a number 
of techniques. For example, a seiZure may be detected by an 
attending clinician, Who does so by physically observing the 
behavior of the patient. Alternatively, a seiZure may be 
detected by the algorithm itself; for example, by detecting a 
rapid decrease in the values associated With one or more 
Xz-index pro?les, folloWed by a rapid increase in the the one 
or more Xz-index pro?les. As stated in US. Pat. No. 
6,304,775, a seiZure may also be detected by observing 
certain EEG signal manifestations indicative of a seiZure. 
Other methods of seiZure detection may be employed. 

[0052] If a seiZure is detected, the algorithm Will, in 
accordance With a preferred embodiment of the present 
invention, mark the occurrence of the seiZure, for example, 
by setting a status ?ag and storing the time associated With 
seiZure onset in memory. The algorithm may set the status 
?ag and store seiZure onset time automatically after it 
detects the seiZure or in response to an action taken by the 
clinician. It is the setting of the status ?ag that causes the 
algorithm to sample the several Xz-index pro?les generated 
for each of the at least one channel groups, as indicated in 
step 313. 
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[0053] An entrainment transition event, on the other hand, 
may be detected if and When the algorithm determines that 
the value associated With one or more Xz-index pro?les has 
dropped beloW a prede?ned entrainment threshold XZE. In 
an alternative embodiment, the Xz-index pro?les Would 
have to ?rst exceed the XZD, prior to falling beloW the 
entrainment threshold XZE to constitute an entrainment tran 
sition event. 

[0054] When the method illustrated in FIG. 3 is ?rst 
employed, for instance, When it is used in conjunction With 
a neW patient, there is an initialiZation period. The primary 
purpose of the initialiZation period is to provide a period of 
time during Which the algorithm optimiZes a dynamical 
template, Where the dynamical template re?ects each of the 
several Xz-index pro?les generated for the at least one 
channel group, as sampled over a number of seiZure-related 
events during the transition period, as indicated by step 313, 
and the “YES” path out of decision step 315. More speci? 
cally, the dynamical template provides an indication and/or 
quanti?cation of the sensitivity level associated With each 
Xz-index pro?le With respect to impending seiZure predic 
tion during the various transitional states (e.g., interictal, 
preictal, ictal and post-ictal states). As one skilled in the art 
Will readily appreciate, the dynamical template may quantify 
the sensitivity level in terms of a number of true seiZure 
predictions per a total number of seiZure-related events 
during the initialiZation period and/or a number of false 
predictions per a the total number of seiZure-related events. 
Moreover, one skilled in the art Will understand that those 
Xz-index pro?les that exhibit a relatively high number of 
true predictions versus false predictions are likely to exhibit 
relatively loW Xz-index values just prior to or during the 
seiZure-related events. 

[0055] At the end of the initialiZation period, as indicated 
by the “NO” path out of decision step 315, and step 317, the 
algorithm selects one of or a combination of dynamical 
parameters, from amongst the other parameters, Where the 
selected one or combination of dynamical parameters cor 
responds With the one Xz-index pro?le that, during the 
intitialiZatin period, exhibited the best sensitivity level (i.e., 
provided the best indication of impending seiZures) com 
pared to the other Xz-index pro?les generated for the at least 
one channel group. 

[0056] After the initialiZation period and the selection of 
one or a combination of dynamical parameters, it Will be 
understood that the algorithm continues to acquire, pre 
process, digitiZe and construct phase-space portraits as 
shoWn in steps 303 through 309. Per step 319, the algorithm 
then begins generating dynamical pro?les based on the 
selected at least one or combination of dynamical param 
eters, for each channel. From these dynamical pro?les, the 
algorithm generates a corresponding Xz-index pro?le for at 
least one channel group. 

[0057] In addition to generating an Xz-index pro?le for 
each of at least one channel group, based on corresponding 
dynamical pro?les associated With the selected one or com 
bination of dynamical parameters, the algorithm monitors 
each Xz-index pro?le. In accordance With decision step 321, 
the algorithm determines Whether the conditions are indica 
tive of an entrainment transition. The algorithm may do so, 
as explained above, by determining Whether the Xz-index 
values associated With the Xz-index pro?le for one or more 
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channel groups have dropped below the entrainment thresh 
old XZE, or alternatively, exceeded the disentrainment 
threshold XZD prior to dropping beloW the entrainment 
threshold XZE. If the algorithm determines the conditions do 
not indicate an entrainment transition, in accordance With 
the “NO” path out of decision step 321, the algorithm 
continues to generate the dynamical pro?les based on the 
selected one or combination of dynamical parameters, and it 
continues to generate a corresponding Xz-index pro?le for 
each of at least one channel group. If, hoWever, the algo 
rithm determines the conditions re?ect an entrainment tran 
sition, in accordance With the “YES” path out of decision 
step 321, the algorithm Will issue an ISW, SSPD and/or 
TISP, per step 323. A more detailed discussion of the ISW, 
SSPD and TISP is provided beloW. 

[0058] Certain steps associated With the method illustrated 
in FIG. 3 Will noW be described in greater detail. For 
example, step 303 involves acquiring electrical or electro 
magnetic signals generated by the brain. In accordance With 
a preferred embodiment of the present invention, electrodes 
are used to record electrical potentials, Where each electrode 
corresponds to a separate channel, and Where recordings are 
made using differential ampli?ers. In referential recordings, 
one of the electrodes is common to all channels. The 
electrodes are strategically placed so that the signal associ 
ated With each channel is derived from a particular anatomi 
cal site in the brain. Electrode placement may include, for 
example, surface locations, Wherein an electrode is placed 
directly on a patient’s scalp. Alternatively, subdural elec 
trode arrays and/or depth electrodes are sometimes 
employed When it is necessary to obtain signals from 
intracranial locations. One skilled in the art Will appreciate; 
hoWever, that the speci?c placement of the electrodes Will 
depend upon the patient, as Well as the application for Which 
the signals are being recorded. 

[0059] FIG. 4A provides a vieW from the inferior aspect 
of the brain and exemplary locations for a number of depth 
and subdural electrodes. As shoWn, the electrodes include 
six right temporal depth (RTD) electrodes and six left 
temporal depth (LTD) electrodes located along the anterior 
posterior plane in the hippocampi. FIG. 4A also includes 
four right orbitofrontal (ROE), four left orbitofrontal (LOF), 
four right subtemporal (RST) and four left subtemporal 
(LST) subdural electrodes located beneath the orbitofrontal 
and subtemporal cortical surfaces. FIG. 4B illustrates the 
placement of and use of a subdural electrode array as Well 
as a strip of electrodes on the inferior right temporal lobe. 

[0060] In accordance With an alternative embodiment of 
the present invention, magneto-electroencephalography 
(MEG) may be employed to record the magnetic ?elds 
produced by the brain. With MEG, an array of sensors called 
super-conducting quantum interference devices (SQUIDs) 
are used to detect and record the magnetic ?elds associated 
With the brain’s internal current sources. 

[0061] In yet another alternative embodiment, micro-elec 
trodes may be implanted into the brain to measure the ?eld 
potentials associated With one or just a feW neurons. It Will 
be understood that the use of micro-electrodes might be 
advantageous in very select applications, Where, for 
example, it might be necessary to de?ne With a high degree 
of accuracy the location of the epileptogenic focus prior to 
a surgical procedure. 
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[0062] Step 305 involves pre-processing the signals asso 
ciated With each channel. Pre-processing includes, for 
example, signal ampli?cation, ?ltering and digitiZation. In a 
preferred embodiment, ?lters, including a high pass ?lter 
With 0.1 to 1 HZ cutoff and a loW pass ?lter With 70-200 HZ 
cutoff, are employed. Depending on the application and/or 
the recording environment, other ?lters may be employed. 
For instance, if the signals are being recorded in the vicinity 
of poWer lines or any electrical ?xtures or appliances 
operating on a 60 HZ cycle, a 60 HZ notch ?lter or time 
varying digital ?lters may be employed. Pre-processing 
results in the generation of a digital time series for each 
channel. Each digital time series signal is then sampled per 
step 307. 

[0063] Step 309 involves generating phase-space portraits, 
and in particular, p-dimensional phase-space portraits for 
each channel, Where p represents the number of dimensions 
necessary to properly embed a brain state. It Will be under 
stood that the actual value of p may depend upon Which 
dynamical parameters are being relied upon to measure the 
non-linear dynamical properties of each channel. For 
example, With regard to STLMAX, it has been determined 
that p equal to seven (7) is adequate to capture the dynamic 
characteristics of the spatio-temporal response associated 
With a given channel. HoWever, in the case of ApEn and 
PM-ApEn, a value of p equal to 2-3 maybe more appropri 
ate. 

[0064] In a preferred embodiment of the present invention, 
the p-dimensional phase-space portraits are generated as 
folloWs. First, the digital signals associated With each chan 
nel are sampled over non-overlapping or overlapping 
sequential time segments, referred to herein as epochs. Each 
epoch may range in duration from approximately 5 seconds 
to approximately 24 seconds, depending upon signal char 
acteristics such as frequency content, amplitude, dynamic 
properties (e.g., chaoticity or complexity) and stationarity. 
Generally, epoch length increases as stationarity increases. 

[0065] The samples associated With each signal, taken 
during a given epoch, are then used to construct a phase 
space portrait for the corresponding channel. In a preferred 
embodiment of the present invention, the phase-space por 
traits are constructed using a method called “The Method of 
Delays.” The Method of Delays is Well knoWn in the art. A 
detailed discussion of this method With respect to analyZing 
dynamic, nonlinear systems can be found, for example, in 
lasemidis et al., “Phase Space Topography of the Electro 
corticogram and the Lvapunov Exponent in Partial Sei 
zures”, Brain Topogr., vol. 2, pp. 187-201 (1990). In general, 
a phase space portrait is constructed using the Method of 
Delays by independently treating each unique sequence of p 
consecutive sample values, separated by a time delay, as a 
point to be plotted in the p-dimensional phase space. In an 
exemplary implementation of the present invention, equals 
4 samples (20 msec). 

[0066] FIG. 5A shoWs a 6 second epoch associated With 
an exemplary EEG signal at the onset of a seiZure that 
originated in the left temporal cortex. FIG. 5B illustrates, 
from different perspectives, the corresponding phase-space 
portrait, projected in three dimensions, for the exemplary 
EEG signal of FIG. 5A. The object appearing in the phase 
space portrait of FIG. 5B is called an “attractor”. The 
attractor represents the region Within the phase-space in 
Which the states of the system evolve and remain con?ned 
thereto until the structure of the system changes. 
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[0067] Step 311 involves quantifying the dynamical prop 
erties of the spatio-temporal responses of each channel, as 
embodied by an attractor(s) associated With each channel, in 
accordance With each of the multiple dynamical parameters: 
STLMAX (rate of divergence), QMAX (rate of change in 
angular frequency), ApEn (approximate entropy or regular 
ity statistic), PM-ApEn (pattern-match approximate 
entropy), h” (Pepsin’s Identity) and dL (Lyapunov Dimen 
sion). Again, it Will be understood that the list of dynamical 
parameters illustrated in FIG. 3 are exemplary, and not 
intended to be exhaustive. 

[0068] As explained above, each dynamical pro?le repre 
sents the dynamical characteristics of a corresponding chan 
nel based on one of the multiple dynamical parameters, for 
example, STLMAX, QMAX, ApEn, PM-ApEn, h” and dL. 
Calculating the dynamical values associated With each of 
these exemplary dynamical parameters is noW described 
herein beloW. 

[0069] LM AX refers to the largest Lyapunov exponent. It is 
de?ned as the average of the local Lyapunov exponents L 
. ii 

in the phase space Where: 

Lmax = Nia'zLij, 

[0070] Where Na is the total number of the local Lyapunov 
exponents estimated from the evolution of adjacent vectors 
in the phase space. Lij is de?ned by the folloW equation: 

[0071] Where Xi=X(ti) and Xj=X(t]-), and Where At is the 
evolution time alloWed for the vector difference 6O(Xi-)= 
|X(ti)—X(t]-)| to evolve to the neW difference 6k(Xi]-)=|X ti+ 
At)—X(tJ-+At)|, and Where At=k*dt With dt being the sampling 
period of the data u(t). If At is given in seconds, LM AX is in 
bits/sec. STLMAX is the short-term Lyapunov exponent. A 
method for computing STLMAX is described in lasemidis et 
al., “Phase Space Topography of the Electrocorticogram 
and the Lyapunov Exponent in Partial Seizures,” Brain 
Topography, vol. 2, no. 3, pp. 187-201 (1990). 

[0072] The difference in phase (MD) in the phase space is 
de?ned as the average of the local differences ACDi as given 
by the folloWing equation: 

[0073] Where Na is the total number of phase differences 
estimated from the evolution of to X(ti+At) in the phase 
space, and Where ACDi is given by the folloWing equation. 

M)‘ I Immiumuu - um- + Ann 
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[0074] The rate of angular frequency change (QMAPQ is 
then given by the folloWing equation. 

Q — 1 Ad) 
max _ E 

[0075] If At is given in seconds, then QMAX is in radians/ 
second. Further information regarding the computation of 
QMAX may be found, for example, in Iasemidis et al., “Pre 
diction of Human Epileptic Seizures Based on Optimization 
and Phase Changes of Brain Electrical Activity,” Optimi 
Zation Methods and SoftWare, 18(1):81-104 (2003). 

[0076] Entropy has been shoWn to be a critical “summary” 
statistic in nonlinear dynamical system analysis and chaos. 
Approximate Entropy (ApEn) measures the regularity of an 
observed time series data signal. See Pincus, “Approximate 
Entropy as a Measure of System Complexity,” Proceedings 
of the National Academy of Science of the United States of 
America, vol. 88 pp. 2297-2301 (1991). It has been Widely 
used in distinguishing normal and abnormal medical time 
series data (e.g., heart rate and electrocardiogram data). 
ApEn may be calculated in accordance With the folloWing 
process: 

[0077] (a) given a time series data signal U={u1, 
u2, . . . , un}, Where each entry is equally spaced in 

time; 

[0078] (b) ?x an integer 1; Where xi={ui, ui+1, . . . , 

[0079] (c) form a sequence of vectors x1, x2, . . . , 

Xn—l+1 in 

[0080] (d) for a given positive real number r, use the 
sequence x1, x2, . . . , xn_1+1 to construct, for each i, 

1§i§n—l+1, Where, the folloWing: 

number of xj's such that d(x;, xj) s r 
_ n- l+l 

CW) ‘ , Where 

[0081] d(xi,xj) represents the maximum distance 
betWeen vectors xi and xj in their respective scalar 
components; 

[0082] (e) de?ne the folloWing: 

[0083] then Approximate Entropy ApEn is de?ned 
in accordance With the folloWing equation: 
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[0084] (g) Where it is noted that: 

[0085] and Where: 

[0087] Given the algorithm described above for calculat 
ing ApEn, it is noted that the calculation of ApEn is based 
on the following conditional probability. 

Pr(neXt point value matchedIthe previous 1 points all 
value matched) 

[0088] Because value match criterion is very sensitive to 
the matching critical value r, ApEn gives inconsistent results 
for different choices of parameters 1 and r. Accordingly, 
PM-ApEn can be derived as folloWs: 

[0089] (a) given a time series data signal U={u1, 
u2, . . . , un}, Where on is the sample standard 

deviation of U, and Where, for a ?xed integer 1, a 
subsequence of U is de?ned as folloWs: 

[0091] (b) for a given positive real number r (e.g., 

r=0.26u), Xi and X]- are considered pattern l-matched 
to each other if the folloWing is true: 

[0092] (c) then, Pattern-Match ApEn is de?ned by an 
equation similar to the equation for ApEn, but 
change value match to pattern match, Where: 

[0093] (d) the Pattern-Match ApEn can then be Writ 
ten as folloWs: 

[0094] Where it should be noted that When the time 
series is more regular, the PM-ApEn should be 
smaller. 
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[0095] Lyapunov eXponents may be used to de?ne the 
metric entropy of EEG signals through Pesin’s theorem. The 
Lyapunov spectrum (i.e., all Lyapunov eXponents) and the 
metric entropy are related by Pesin’s Identity, Which may be 
de?ned as folloWs: 

, 

h” = 2 positive /1;, 
[:1 

[0096] Where M represents the ith Lyapunov exponent and 
r represents the maXimum number of positive Lyapunov 
exponents. 

[0097] The Lyapunov dimension is a characteristic related 
to the Lyapunov spectrum and the predictability of EEG 
signals. The state-space hypersurface of dimension m of the 
EEG signals eXpands at a rate governed by the sum of all 
Lyapunov eXponents. Thus, Lyapunov Dimension may be 
de?ned in accordance With the folloWing equation: 

[0098] Where k represents the largest number such that 
EH1‘ 7q>0, and the second term characteriZes the fractional 
part of the dimension. It may be anticipated that, for an 
epileptic attractor, the Lyapunov dimension is equal to the 
information dimension. 

[0099] In accordance With a preferred embodiment, step 
311, as stated, further involves generating several X2-1I1d6X 
pro?les for at least one channel group, Where each X2-1I1d6X 
pro?le is based on corresponding dynamical pro?les asso 
ciated With one or a combination of dynamical parameters. 
This is illustrated in FIG. 6, Where the algorithm is shoWn 
to have generated XZ-index pro?les for the eXemplary 
channel group: ROF1-ROF2-ROF3-RTD6. It Will be under 
stood, hoWever, the algorithm may generate additional 
X2-1I1d6X pro?les based on the dynamical pro?les of other 
dynamical parameters or combinations thereof. Moreover, it 
Will be understood that X2-1I1d6X pro?les may generated by 
the algorithm for additional channel groups. 

[0100] The nonparametric randomiZed block AN OVA test 
is Well knoWn in the art. Generally, the algorithm applies this 
test to generate the X2-1I1d6X pro?les by comparing the 
dynamical pro?les associated With a corresponding one or 
more dynamical parameters. For eXample, the algorithm 
generates the X2-1I1d6X pro?le relating to QMAX and ApEn, 
as illustrated in FIG. 6, by comparing the dynamical pro?les 
associated With QMAX and ApEn for each channel of the 
channel group (e.g., the channel group ROF1-ROF2-ROF3 
RTD6). If, at the end of the initialiZation period, QMAX and 
ApEn are selected in accordance With method step 317, the 
XZ-index pro?le thereafter generated by the algorithm based 
on the dynamical pro?les associated With QMAX and ApEn, 
for at least one channel group (e.g., the channel group 
ROF1-ROF2-ROF3-RTD6), is used to determine Whether 
the spatio-temporal responses associated With the channels 
that make up the at least one channel group shoW signs of 








